1. Introduction {#sec0005}
===============

Bio-refinery are currently the focus of many researches as they can be used as a substitute of petroleum refinery for converting agricultural waste materials, through appropriate microbiological or chemical treatment, into either gaseous or liquid fuels or value added biochemical. Besides environmental benefits, a bio-refinery is also capable of generating economic benefits.

The dramatic growth of biodiesel industry all over the world and the shift towards the use of waste materials as feedstock, has created environmental and economic concerns by generating glycerol by-products [@bib0045], [@bib0155]. Technical grade crude glycerol (raw glycerol) produced from the reaction is usually of 80% purity (approximately). Disposal of surplus glycerol is, therefore, becoming an increasing challenge and potential innovative uses need to be found out. Different useful chemicals can be produced from glycerol by fermentation (some of them using technical grade glycerol) [@bib0060], [@bib0110], [@bib0130]. Due to its reduced nature of carbon atoms, fuels and reduced chemicals can be produced from glycerol at higher yields than those obtained from common sugars such as glucose or xylose. Using glycerol as a feed stock in the fermentation process, there is a significant increase in the product yield of chemicals, such as succinate, ethanol, and propanediols, whose production is limited from these sugars.

Succinic acid (C~4~H~6~O~4~), also known as amber acid or butanedioic acid, a dicarboxylic acid is mostly produced by the chemical route from *n*-butane through maleic anhydride [@bib0055], [@bib0115]. Microbial production has been mainly restricted to the food and pharmaceutical industries. The biotechnological production of succinic acid at the industrial scale, for wider end-user companies, is related to its market price. Succinic acid can be produced by different kinds of anaerobic and facultative bacteria as a fermentation end-product. However, only a few species can produce it as the major end-product with high yield, such as *Anaerobiospirullum succiniciproducens, Actinobacillus succinogenes and Mannheimia succiniciproducens* [@bib0075], [@bib0085], [@bib0090], [@bib0125], [@bib0150], [@bib0165]. *Escherichia coli* produce succinic acid as a minor fermentation product (typically 7.8% of total) under anaerobic conditions [@bib0070]. Several metabolic engineering strategies have been used for the enhanced production of succinic acid by *E. coli* with some good results and production yields [@bib0030], [@bib0065], [@bib0080], [@bib0145], [@bib0160].

A variety of mathematical microbial growth kinetic models have been developed, proposed and used by many researchers to predict the amount of biomass production at a particular time, substrate utilization and bacterial growth [@bib0025], [@bib0120]. These models are capable of predicting the reduction of chemicals to certain concentration due to utilization by microbes.

In the present research work, waste glycerol produced by trans-esterification of *Crotalaria juncea* oil, was purified using several physico-chemical steps. *E. coli* was used to produce succinic acid using commercial, purified and crude glycerol obtained from Sunn-hemp seeds as the carbon source. A number of batch fermentations were conducted for glycerol concentrations ranging from 1 to 30 g/100 ml in order to evaluate cell growth. Seven growth models namely, Monod, Moser, Tessier, Halden-Andrew, Aiba-Edward, Tessier type and Andrews were used to determine the model-specific growth kinetic parameters: specific growth rate (μ), substrate saturation constant (K~S~), and substrate inhibition constant (K~I,S~). Finally, the effects of process parameters were optimized by Response Surface Methodology (RSM) using a Face Centered Central Composite Design (FCCCD).

2. Materials and methods {#sec0010}
========================

2.1. Preparation of glycerol for the fermentation substrate [@bib0100] {#sec0015}
----------------------------------------------------------------------

In this research work, Sunn-hemp seeds were collected from Central Research Institute for Jute and Allied Fibers (CRIJAF), Kolkata, India. The raw seeds were cleaned and dried and then crushed using a domestic kitchen mill. Oil was extracted from 107 g crushed seeds on adding 500 ml of isopropanol into a standard Soxhlet extractor [@bib0035]. *Trans*-esterification of Sunn-hemp oil was carried out with 20 g oil in a 500 ml three-necked round-bottom flask, equipped with a mechanical stirrer and a water-cooled condenser. The reaction was carried out with an oil-methanol molar ratio of 1:11 at 4 h and 60 °C temperature in presence of 2 wt% KOH. After completion of the reaction, the mixture was taken into a separating funnel for separating the phases [@bib0095].

Crude glycerol, obtained from the bottom layer, was purified through several physico-chemical steps, namely: acidification, neutralization, solvent extraction, adsorption and finally pressure filtration through a membrane. Initially, excess alcohol from trans-esterification process was removed by evaporation, using a rotary evaporator. Then glycerol was acidified using dilute sulphuric acid or phosphoric acid in order to split the soap. The charred substances produced were filtered off. The samples were then decanted to recover the crude fatty acids. The aqueous glycerine solutions were neutralized by 50% sodium hydroxide. The salt, crystallizing out, was removed by decantation. In order to purify and concentrate the solutions further, they were solvent extracted and filtered to remove the residual salt. Finally, they were evaporated at 79 °C to obtain the crude glycerine. Decolourisation was done on addition of activated carbon into the remaining glycerol. Finally, it was purified by vacuum filtration using cellulose acetate membrane filter (**Make**: Sartorius Stedim Biotech S.A.; Pore size: 0.2 μm). The pressure was maintained at 750 mm Hg (vacuum gauge) by a vacuum pump (**Make**: Tarsons; **Model**: Rockyvac 300).

2.2. Preparation of microorganism and culture {#sec0020}
---------------------------------------------

In this study, *E. coli* (ATCC 8739) was acquired from the Microbial Type Culture Collection and Gene Bank, Chandigarh, India. The bacteria was cultivated by transferring 2 ml of a stock culture to 100 ml of liquid medium into a 250-ml Erlenmeyer flask, in which the cells were aerobically incubated at 37 °C and 120 rpm in a shaker incubator (**Make**: Scigenics Biotech; **Model**: 400 LJ31L) overnight. The liquid medium contained beef extract 1.0 g, yeast extract 2.0 g, peptone 5.0 g, NaCl 5.0 g and distilled water 1.0L and was sterilised at 121 °C for 15 min.

2.3. Experiments on growth kinetics {#sec0025}
-----------------------------------

Batch experiments were carried out to investigate the effect of different types/grades of glycerol on the growth of *Escherichia coli*. Nine different concentrations (1, 2, 3, 5, 10, 15, 20, 25 and 30 g/100 ml) of commercial, purified and crude glycerol, obtained as a by-product of the trans-esterification route, were used as the only carbon source for the growth of this culture. Inocula were developed after transferring 2 ml of fresh cultures into a 250 ml Erlenmeyer flask which contained liquid medium: 100 ml mineral salt medium (per liter: 3.5 g of KH~2~PO~4~; 5.0 g of K~2~HPO~4~; 3.5 g of (NH~4~)~2~HPO~4~, 0.25 g of MgSO~4~.7 H~2~O, 15 mg CaCl~2~.2 H~2~O, 0.5 mg of thiamine, and 1 ml of trace metal stock) with yeast extract 3.0 g L^−1^, peptone 4.0 g L^−1^ and glycerol (as mentioned above). The trace metal stock was prepared in 0.1 M HCl (per liter: 1.6 g of FeCl~3~/0.2 g of CoCl~2~.6 H~2~O/0.1 g of CuCl~2~/0.2 g of ZnCl~2~.4 H~2~O/0.2 g of NaMoO~4~/0.05 g of H~3~BO~3~). pH of the media was maintained by adding 2.4 M K~2~CO~3~ and 1.2 M KOH. The cultures were incubated at 120 rpm and 37 °C in a shaker incubator for 72 h. Cell growth was monitored using optical density at 600 nm (OD~600~) and stopped when bacteria had reached the lag phase and no further glycerol consumption was detected. [Table 1](#tbl0005){ref-type="table"} shows the details of the experiments for the batch fermentation to study cell growth for various glycerol concentrations.

2.4. Optimization of process parameters for succinic acid production {#sec0030}
--------------------------------------------------------------------

Different physico-chemical parameters, such as type of glycerol \[commercial or lab grade glycerol (code≡ 1), purified (code≡ 2) and crude glycerol (code≡ 3)\], pH of fermentation medium (6.5, 7 and 7.5) and incubation temperature (35, 37.5 and 40 °C) were varied in order to improve process yields. Glycerol concentration and yeast extract were always added at 10 g/100 ml and 3.0 g L^−1^, respectively. Response Surface Methodology (RSM) was applied using face centered central composite design (FCCCD) as the experimental design, in order to optimize the production rate of succinic acid with the statistical software, Design Expert version 9.0.3.1. (Stat-Ease Inc., USA). A set of twenty experiments were carried out for 8 factorial points, 6 axial points (α = 1) and 6 centre points. The experimental data for each of the runs were analyzed and a second-order quadratic polynomial Eq. [(1)](#eq0005){ref-type="disp-formula"} was obtained.$$Y = \beta_{0} + \sum_{i = 1}^{N}\beta_{i}X_{i} + \sum_{i = 1}^{N}\beta_{ii}X_{i}^{2} + \sum_{i = 1}^{N}\sum_{j > 1}^{N}\beta_{ij}X_{i}X_{j}$$

It described that response was correlated with three input factors of the process (type of glycerol, pH of the media and incubation temperature), where Y is the response (Yield of succinic acid), X~i~, X~j~ are the coded variables, β~0~ is the intercept, β~i~ is the linear, β~ii~ is the quadratic and β~ij~ is the interaction coefficients. N is the number of factors studied in the experiment. The model was justified by the coefficients of determination (*R^2^*) and analysis of variance (ANOVA) with the contour plots for the independent variables developed from the experimental data.

2.5. Analytical techniques {#sec0035}
--------------------------

Bacterial growths were monitored by measuring the absorbance of cell solutions at 600 nm (OD~600~) using an UV--vis spectrophotometer (**Make**: PerkinElmer, **Model**: Precisely Lamda 25 UV/Visible). Then the cells were separated by centrifugation at 10000 rpm for 10 min and dry weight measurement was carried out after washing the cells with distilled water followed by drying at 80 °C for 24 h. The specific growth rate μ, h^−1^, refers to a cellular concentration at an instant and was calculated for each concentration of glycerol during the exponential growth period.

The supernatant collected after centrifugation was analyzed to measure the substrate utilization using a UV--vis Spectrophotometer based colorimetric method. This was a two-step reaction process. First, glycerol present in the sample was treated with sodium per-iodate and consequently formaldehyde was formed. Then this formaldehyde would react with acetyle acetone and a yellow complex, 3,5-diacetyl-1,4-dihydrolutidine, was formed. Then the intensity of colour of the solution was measured by absorption spectra at 410 nm. From the absorption intensity data, concentration of the solution was calculated using the standard curve, prepared beforehand.

The succinic acid produced was estimated on a High-Performance Liquid Chromatography (HPLC) system (**Make**: Waters, **Model**: Series 200) equipped with a 190--400 nm wavelength UV detector, with a C~18~ column using 1% acetonitrile and 20 mM K~2~HPO~4~ as the mobile phase, a quaternary gradient system pump with a pressure range of 0--6200 psi and a column oven, which has an operating range of 5 °C above ambient to 100 °C. In our study, temperature of the column was maintained at 35 °C and the pressure at 81 bar. UV detector at 210 nm wavelength was used for the detection of succinic acid. Standard curves were prepared by plotting peak area versus known concentrations of succinic acid samples to determine the unknown concentrations of solutions.

2.6. Development of growth kinetic models {#sec0040}
-----------------------------------------

The kinetics of microbial growth (μ) and utilization of substrate concentration (S) are correlated using various mathematical models. In a microbial process, inhibition is a part in which some of the substrate or the product tend to inhibit the growth of the microorganisms, due to which the cell growth rate ceases. The reason for termination of growth may be either exhaustion of an essential nutrient or accumulation of toxic products. If an inhibitory product is produced that accumulates in the medium, the growth rate will slow down, depending on inhibitor production rate and at a certain level of inhibitor concentration, growth will stop. During the growth and decline phases of batch culture, the specific growth rate of the cells depends on the concentration of nutrients of the medium. Often, a single substrate exerts a dominant influence on the rate of growth; this component is known as growth-limiting substrate. The growth limiting substrate is often the carbon or nitrogen source [@bib0005], [@bib0020], [@bib0105]. A set of empirically derived rate laws are generated to describe the behavior of a given system. The growth models are divided into two: those that incorporate limiting substrate-inhibition kinetics and those that contained only growth kinetic parameters. These models are based on spatial homogeneity, being ensured by a well-mixed environment (e.g. shaker incubator). Glycerol in the media is treated as the only carbon source. The fluid volume and pH are assumed to remain constant throughout the operation.

### 2.6.1. Monod model (Model 1) {#sec0045}

Monod model, the most simple and fundamental model of growth kinetics is generally used to correlate the growth rate to the concentration of a single growth-limiting substrate with the parameters μ~max~ and K~s~. At low substrate concentration, a proportional relationship between specific growth rate and initial substrate concentration is described by this model, Eq. [(2)](#eq0010){ref-type="disp-formula"}.$$\mu = \frac{\mu_{\text{max}}\text{S}}{\text{K}_{\text{S}} + \text{S}}$$where μ = specific growth rate, μ~max~ = maximum specific growth rate, S = substrate concentration, K~s~ = substrate saturation constant (i.e. substrate concentration at half μ~max~). Monod made the assumption implicit in Eq. [(2)](#eq0010){ref-type="disp-formula"} that, μ is tightly coupled to S, i.e. a change in S during growth of a culture results in a corresponding change in, μ. However, the Monod model often fails to account for substrate inhibition of growth at higher substrate concentrations. There are some general formulae in the literature which, by modifying the Monod equation, take inhibition into account. The models of Moser, Tessier, Haldane, Andrews, Aiba and Edward are employed in order to overcome this drawback.

### 2.6.2. Moser model (Model 2) {#sec0050}

A number of structured and unstructured kinetic expressions are generated to overcome the limitations of Monod model in order to explain the characteristics of a growth curve for the micro-organisms. A modified Monod equation with power function of substrate concentration is described by Moser model, Eq. [(3)](#eq0015){ref-type="disp-formula"}.$$\mu = \frac{\mu_{\max}\text{S}^{\text{n}}}{\text{K}_{\text{S}} + \text{S}^{\text{n}}}$$

Value of the power determines the degree of inhibition without explaining critical substrate concentration or inhibition constant. When n = 1, Moser equation describes a Monod model.

### 2.6.3. Tessier model (Model 3) {#sec0055}

Another unstructured, non-segregated model, Tessier model, Eq. [(4)](#eq0020){ref-type="disp-formula"} is based on an exponential function and assumes one limiting substrate.$$\mu = \mu_{\max}(1 - \text{e}^{- \frac{\text{S}}{\text{K}_{\text{S}}}})$$

### 2.6.4. Haldane--Andrews model (Model 4) {#sec0060}

Substrate inhibition, generated at high substrate concentrations, is primarily caused by more than one substrate molecule binding to an active site or different sub-sites within the substrate molecules [@bib0135]. Haldane proposed the first and most popular model for substrate inhibition kinetics. Haldane-Andrews model, Eq. [(5)](#eq0025){ref-type="disp-formula"} is an extension of the Monod model which explains a substrate inhibition by introducing an inhibition parameter K~I,S~ (substrate inhibition constant)~.~$$\mu = \frac{\mu_{\max}\text{S}}{\text{S} + \text{K}_{\text{S}} + (\frac{\text{S}^{2}}{\text{K}_{\text{I},\text{S}}})}$$

Due to its mathematical simplicity, this growth model is accepted to predict the growth kinetics of inhibitory substrates. In general, Haldane's growth kinetics model is used on the premise that this has less number of parameters.

### 2.6.5. Aiba-Edward model (Model 5) {#sec0065}

A modified version of Monod equation was proposed by Aiba and was later adapted by Edward [@bib0040]. This is a widely used model to analyze product inhibition. Aiba model was generated to describe inhibitory kinetics of the product in alcohol fermentation, where specific growth rate decreases with increasing product concentration [@bib0010]. Aiba-Edward model Eq. [(6)](#eq0030){ref-type="disp-formula"} cannot explain the critical value of inhibitory substrate/product concentration.$$\mu = \mu_{\max}\frac{\text{S}}{\text{S} + \text{K}_{\text{S}}}\text{e}^{\frac{- \text{S}}{\text{K}_{\text{I},\text{S}}}}$$

### 2.6.6. Tessier-type (Model 6) 8 {#sec0070}

Tessier proposed another model Eq. [(7)](#eq0035){ref-type="disp-formula"} to explain the inhibitory effect of substrate at high concentrations for the growth of micro-organisms.$$\mu = \mu_{\max}(\text{e}^{\frac{- \text{S}}{\text{K}_{\text{I},\text{S}}}} - \text{e}^{\frac{- \text{S}}{\text{K}_{\text{S}}}})$$

### 2.6.7. Andrews model (Model 7) {#sec0075}

Andrew's model Eq. [(8)](#eq0040){ref-type="disp-formula"} is most widely used among the substrate inhibition models, which explains inhibitory effects of substrate at higher concentrations. At very large inhibition constant, it reduces to Monod's equation [@bib0015].$$\mu = \frac{\mu_{\max}}{(1 + \frac{\text{K}_{\text{S}}}{\text{S}})(1 + \frac{\text{S}}{\text{K}_{\text{I},\text{S}}})}$$

2.7. Parameter estimation method {#sec0080}
--------------------------------

In the present study, the parameters in each of the seven growth-kinetic models \[Eqs. [(2)](#eq0010){ref-type="disp-formula"}--[(8)](#eq0040){ref-type="disp-formula"}\], consisting of a set of mathematical equations, were fitted by linear and nonlinear least squares methods using MATLAB (2009b) software to evaluate the best-fit values of rate constants. In each of these growth models, appropriate initial guesses of the parameters were made, and then the ordinary differential equations were solved to determine the calculated values of particular growth parameters. [Table 2](#tbl0010){ref-type="table"} describes the results of parameter estimation along with the statistical values of each parameter for each of the models for the three types of samples.

3. Results {#sec0085}
==========

3.1. Effect of glycerol concentration on growth of *coli* {#sec0090}
---------------------------------------------------------

The influence of three types of glycerol namely, crude, purified and laboratory grade, on the generation of biomass are given in [Fig. 1](#fig0005){ref-type="fig"}a--c, respectively. Cell grows at maximum with 10 g/100 ml of glycerol concentration.

The increase in glycerol concentration from 15 to 30 g/100 ml produces a decrease in biomass growth, probably as a result of substrate inhibition. Cells show a longer lag phase with 30 g/100 ml glycerol concentration. Commercial (laboratory grade) and purified glycerol show a similar trend for biomass formation. Higher glycerol concentration produces less amount of biomass. Glycerol consumption rates are described in [Fig. 2](#fig0010){ref-type="fig"}a--c, for three types of glycerol. The growth of *E. coli* gradually slowed down with time, indicating that *E. coli* is no longer able to produce succinic acid due to substrate inhibition \[see Supplementary material A\].

3.2. Cell growth kinetics {#sec0095}
-------------------------

The experimental results of μ and S for commercial and pure glycerol are plotted in Figs. [3](#fig0015){ref-type="fig"}a and [4](#fig0020){ref-type="fig"}a , together with fitted data by assuming that substrate concentrations higher than 10 g/100 ml become inhibitory. Using commercial glycerol, Aiba-Edward model gives the best fit with a correlation coefficient (R^2^ = 0.907) with lowest variance (σ^2^ = 0.007) \[shown in [Fig. 3](#fig0015){ref-type="fig"}a\]. Smaller variance of a model can predict a better fit of the data as compared to a model with larger variance. [Fig. 4](#fig0020){ref-type="fig"}a similarly shows that this model gives the best fit with highest correlation coefficient (R^2^ = 0.936) and lowest variance (σ^2^ = 0.006) by using pure glycerol as the substrate. In both cases, *E. coli* showed the highest specific growth rate and substrate saturation constant at a low substrate concentration for the Andrew model. In case of crude glycerol ([Fig. 5](#fig0025){ref-type="fig"}a), Haldane-Andrew model gives the best fitment (R^2^ = 0.997, σ^2^ = 0.036). The substrate concentration increases with observed specific growth rates up to 5 g/100 ml, after which inhibition occurs and the specific growth rate tends to decrease rather sharply. From this point onward, Haldane--Andrew model can fit the observed data well, while Moser model is not applied for a higher concentration (20--30 g/100 ml). Aiba-Edward model again gives best fitment for all concentrations (1--30 g/100 ml) with R^2^ = 0.965, σ^2^ = 0.11. For judging the appropriateness of any model, a residual plot is also used together with R^2^ value as the latter is not always a key factor to represent goodness of fit for an accurate prediction. The residual plots defined as: residual growth = (predicted growth − observed growth)/observed growth, with respect to the seven models, are tested. In Figs. [3](#fig0015){ref-type="fig"}b, [4](#fig0020){ref-type="fig"}b and [5](#fig0025){ref-type="fig"}b, residual growths are plotted against the observed growth. In case of commercial glycerol, the residuals are randomly distributed in the range of −0.15 to +0.115 (see [Fig. 3](#fig0015){ref-type="fig"}b), indicating that model 5 represents the observed data in a better way, while Model 1 has a similar regression trend with the residuals ranging from −0.282+ to 0.449. By showing the similar random nature of their distribution of residuals, other growth models predict appropriateness of the model being used. In [Fig. 4](#fig0020){ref-type="fig"}b, no appreciable departure from the model assumptions are observed with the residuals ranging from −0.178 to +0.123 for model 5. Model 5 performed best with a comparatively low standard deviation (σ = 0.08) with a root mean square error of 0.076, while Model 6 is ranked second with a standard deviation (σ) of 0.09 and root mean square error of 0.086. For crude glycerol, [Fig. 5](#fig0025){ref-type="fig"}b does not show any prominent departure from the model assumptions with the residuals ranging from −0.164 to +0.376. Model 4 is ranked 1 (in one case) with a low standard deviation (σ = 0.189) and root mean square error of 0.178.

3.3. Optimization of succinic acid poduction: statistical analysis for design of experiments {#sec0100}
--------------------------------------------------------------------------------------------

Twenty experiments are performed to obtain maximum production of succinic acid.

[Table 3](#tbl0015){ref-type="table"} shows that maximum production of succinic acid of 30.76 g L^−1^ is obtained from commercial glycerol at pH 7 and at 37.5 °C temperature, followed by 23.31 g L^−1^ and 1.36 g L^−1^ with purified and crude glycerol obtained after trans-esterification of *juncea* oil. A summary of production of succinic acid by various research groups all over the world, using microbial fermentation, is enlisted in [Table 4](#tbl0020){ref-type="table"}.

Accuracy of the model is determined after choosing three process parameters, namely type of glycerol (A), pH of the media (B) and incubation temperature (C) for the production of succinic acid. [Table 3](#tbl0015){ref-type="table"} gives the arrangement of experiments, based on face centered central composite design (FCCCD). Here, the values of responses are analyzed by ANOVA following a quadratic polynomial Eq. [(9)](#eq0045){ref-type="disp-formula"} for the yield of succinic acid (Y) with the coded variables.$$\text{Y} = 22{\text{.32} - \text{12.72A} - \text{1.41B} - \text{0.014C+2.7AB} - \text{0.16AC} - \text{0.47BC} - \text{4.86A}}^{2}\text{+1.86B}^{2}{- \text{6.31C}}^{2}$$

Statistical significance of the model is established after obtaining results of the ANOVA, which gives a *P*-value \< 0.0001, corresponding to the F value of 61.07 with a high coefficient of determination (*R^2^* *=* *0.98*), adjusted coefficient of determination (*adjusted R^2^* *=* *0.97*), predicted coefficient of determination (*Predicted R^2^* *=* *0.89*) and a low value of the coefficient of variation (CV = 11.05%). Optimization of the process is carried out with the Design Expert Software which shows that choosing pH of the media as 6.7 at the temperature 38 °C, purified glycerol gives best yield as 32.5 g L^−1^, with a desirability of 1.

4. Discussion {#sec0105}
=============

In this study, crude glycerol obtained from trans-esterification of *C. juncea* oil is purified through physico-chemical treatments and used as the feedstock for the production of succinic acid. The inhibitory effect of glycerol on the growth of *E. coli is* demonstrated in this study. Crude glycerol in particular, produces a very slow growth rate, and it takes more time for *E. coli* to reach the exponential phase. This is probably due to the presence of inhibitory compounds such as methanol or residual salt from the trans-esterification reaction or plant component residues from the oil extraction step. As reported by [@bib0050] cell growth and glycerol fermentation at pH 7.5 were reduced by low glycerol concentrations (2 g/L) and the presence of high levels of phosphate and potassium. In our case, glycerol concentrations were higher than the reported 2 g/L but the levels of residual potassium (KOH was used for the trans-esterification), could have been high enough to produce inhibition. These results are further confirmed by the lack of inhibition in our systems using post-trans-esterification purified glycerol as the carbon source. Indeed, in this case, the residual salts from the trans-esterification process had been removed during the purification steps (acidification and filtration steps).

In addition, similar to this work, other studies have shown that the growth rate of *E. coli* for succinic acid production during glycerol fermentation can be very slow [@bib0160]. Kinetic parameters for the growth rates quantify this effect. Seven growth models are tested to fit the observed data of μ--S, to describe the specific growth rate of *E. coli* (see [Table 2](#tbl0010){ref-type="table"}). Inhibition constant is highest (K~I,S~ = 27.93, 31.764 and 12.622 g/100 ml for commercial, purified and crude glycerol, respectively) for Tessier-type model, implying that this cell can grow well at a higher substrate concentration of purified glycerol as compared to the other two types of glycerol.

For commercial (laboratory grade) glycerol, the estimated growth parameter is higher, μ~max~ = 0.043 h^−1^ for Monod model than other two growth only models (Moser, Tessier). Similar results are found for pure glycerol, which showed the highest μ~max~ (0.037 h-1) for Monod model. But substrate saturation constant, K~s~ (1.076 and 1.54 g/100 ml) is higher for Tessier model in both substrates (commercial and purified glycerol). Higher estimation of μ~max~ is attributed to comparatively low K~S~. By increasing K~S~, μ~max~ decreases and vice versa. But for the models with substrate inhibition (Models 4--7), totally different results are observed, where increase in K~S~ leads to an increase in μ~max~.

It is evident that, the substrate inhibition kinetic model for fermentation of glycerol fits the growth data more accurately, which is in agreement with works previously reported [@bib0025], [@bib0140].

For crude glycerol, Ks is highest (44.323 g/100 ml) for Moser model and μ~max~ (0.327 h^−1^) is highest for the Haldane-Andrew model. It could be concluded that Model 5 has the best performance with a rank of 1 out of 7 (in two cases) based on the estimate of minimum variance and standard deviation (σ = 0.086) with a root mean square error of 0.081.

In this study, RSM is used to optimize the process parameters to obtain maximum production of succinic acid. [Fig. 6](#fig0030){ref-type="fig"}a represents yield of succinic acid due to the combined effect of the process variables: 'type of glycerol' vs pH of the media at constant incubation temperature (C = 37.5 °C).

The data reported in this figure reveals that, with changing type of glycerol from crude to commercial (3--1), succinic acid production increased. If the inhibitory effect of the residual potassium in the crude glycerol could be mitigated without an expensive purification sequence, the crude glycerol, currently producing only 1.36 g L^−1^, could become a prospective feedstock for succinic acid production. Indeed, the surface plot suggests that pH mitigation (increases from 6.5 to 6.7--6.8.) would improve these yields by increasing for more than a factor of 10.

The data in [Fig. 6](#fig0030){ref-type="fig"}b represents the response surface plot of the effect of incubation temperature (35, 37.5 and 40) and media pH (6.5, 7 and 7.5) on succinic acid production for commercial glycerol (type of glycerol = 1). Here, succinic acid production increases upto a pH (of the media) of 7 with an incubation temperature of 37.5 °C.

5. Conclusion {#sec0110}
=============

In this study, we proved the feasibility of using crude glycerol obtained from trans-esterification of *C. juncea* oil for the production of succinic acid. Crude glycerol was purified through a sequence of physico-chemical treatments and used as an additional feedstock, other than crude and commercially pure glycerol. Seven different kinetic models were fitted with the experimental data for design and optimization of batch fermentation processes. The models with substrate inhibition, and in particular the Aiba-Edward model, showed to be the best fit for our systems. However, it is clear that, if crude glycerol was to be used for the fermentation process, it would be necessary to remove the main impurities. In particular, residual potassium, present in the system due to excess KOH, proved to be harmful to *E. coli*. Finally, as not much difference in kinetic parameters, for both purified and commercial glycerol, was detected, the first one could be used as a replacement of commercial glycerol in case of industrial applications.
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![(a) Comparison of different growth kinetic models for commercial glycerol. (b) Plot of residual growths for the different kinetic models for commercial glycerol.](gr3){#fig0015}

![(a) Comparison of different growth kinetic models for purified glycerol. (b) Plot of residual growths for the different kinetic models for purified glycerol.](gr4){#fig0020}

![(a) Comparison of different growth kinetic models for crude glycerol. (b) Plot of residual growths for the different kinetic models for crude glycerol.](gr5){#fig0025}

![(a) Response surface plot for combined effect of type of glycerol (1 = commercial, 2 = purified, 3 = crude) and pH (6.5, 7 and 7.5) at 37.5 °C incubation temperature. b. Response surface plot for combined effect of pH (6.5, 7 and 7.5) of the media and incubation temperature (35, 37.5 and 40) for commercial glycerol.](gr6){#fig0030}

###### 

Details of the experiments for the batch study.

Table 1

  Expt. \#   Glycerol used            Fermentation time   Experimental result                                                                                   
  ---------- ------------------------ ------------------- -------------------------------------- ------- ------- ------- ------- ------- ------- ------- ------ -------
                                                          Substrate concentrations in g/100 ml   1       2       3       5       10      15      20      25     30
  1          Commercial (lab grade)   72 h                Specific growth rate μ, h^−1^          0.025   0.035   0.038   0.05    0.057   0.045   0.041   0.03   0.029
  2          Purified                 0.018               0.022                                  0.032   0.039   0.044   0.04    0.036   0.031   0.024          
  3          Crude                    0.003               0.007                                  0.015   0.021   0.017   0.016   0.014   0.009   0.006          

###### 

Statistical analysis of growth kinetic parameters obtained for various models.

Table 2

  Sample           Model   Values of kinetic parameters and fitting constant                                                                                   
  ---------------- ------- --------------------------------------------------- -------- ------- ------- ------------------- ------------------ ------- ------- -------
  Commercial       Monod   0.043                                               0.409                    0.902               −0.282 to+ 0.449   0.063   0.252   0.244
  Moser            0.042   0.702                                                        2.573   0.567   −0.272 to +0.431    0.055              0.234   0.227   
  Tessier          0.042   1.076                                                                0.761   −0.267 to +0.441    0.055              0.234   0.225   
  Haldane-Andrew   0.156   6.721                                               7.513            0.859   −0.205 to +0.132    0.011              0.106   0.1     
  Aiba-Edward      0.118   4.31                                                22.47            0.907   −0.15 to +0.115     0.007              0.086   0.081   
  Tessier-type     0.081   3.044                                               27.93            0.895   −0.21 to +0.115     0.01               0.099   0.094   
  Andrews          0.206   7.015                                               7.014            0.836   −0.127 to +0.172    0.01               0.101   0.096   
  Purified         Monod   0.037                                               0.779                    0.93                −0.218 to +0.507   0.054   0.232   0.224
  Moser            0.036   1.258                                                        2.028   0.797   −0.2 to +0.481      0.048              0.22    0.21    
  Tessier          0.036   1.54                                                                 0.859   −0.19 to +0.487     0.044              0.209   0.2     
  Haldane-Andrew   0.131   8.331                                               8.367            0.914   −0.228 to +0.126    0.01               0.101   0.096   
  Aiba-Edward      0.104   5.755                                               24.176           0.936   −0.178 to +0.123    0.006              0.08    0.076   
  Tessier-type     0.066   3.583                                               31.764           0.933   −0.222 to +0.099    0.008              0.09    0.086   
  Andrews          0.167   8.439                                               8.44             0.894   −0.0123 to + 0.19   0.011              0.104   0.099   
  Crude            Monod   0.014                                               0.835                    0.934               −0.421 to +1.579   0.517   0.719   0.744
  Moser            0.018   44.323                                                       4.943   0.978   −0.868 to +0.125    0.139              0.373   0.365   
  Tessier          0.014   1.613                                                                0.871   −0.372 to +1.3      0.374              0.612   0.637   
  Haldane-Andrew   0.327   42.897                                              0.807            0.997   −0.164 to +0.376    0.036              0.189   0.178   
  Aiba-Edward      0.22    34.66                                               10.758           0.965   −0.169 to +0.876    0.11               0.332   0.338   
  Tessier-type     0.075   6.066                                               12.622           0.963   −0.168 to +0.883    0.111              0.334   0.34    
  Andrews          0.066   7.226                                               7.226            0.932   −0.46 to +7.878     7.084              2.662   2.665   

###### 

Experimental data and results of FCCCD for production of succinic acid.

Table 3

  Run   Type of glycerol (A)   pH of the media (B)   Incubation temperature (°C) (C)   Yield of succinic acid(gL^−1^)   
  ----- ---------------------- --------------------- --------------------------------- -------------------------------- -------
  1     2                      7                     37.5                              23.31                            22.32
  2     2                      7                     40                                15.44                            15.99
  3     1                      7                     37.5                              30.76                            30.18
  4     2                      7                     37.5                              23.3                             22.32
  5     2                      7                     37.5                              23                               22.32
  6     1                      7.5                   35                                21.46                            21.94
  7     2                      7                     37.5                              23.28                            22.32
  8     3                      6.5                   40                                0.48                             −0.70
  9     1                      7.5                   40                                20.58                            21.31
  10    2                      7                     37.5                              23.29                            22.32
  11    1                      6.5                   35                                29.84                            29.22
  12    3                      7                     37.5                              1.36                             4.73
  13    3                      6.5                   35                                0.14                             −1.29
  14    1                      6.5                   40                                30.48                            30.46
  15    2                      6.5                   37.5                              22.35                            25.59
  16    2                      7.5                   37.5                              23.21                            22.76
  17    3                      7.5                   40                                1                                0.92
  18    2                      7                     35                                13.78                            16.02
  19    2                      7                     37.5                              23.3                             22.32
  20    3                      7.5                   35                                2.9                              2.22

###### 

Comparison of different studies that produce fermentative succinic acid from glucose and glycerol.

Table 4

  C-source                                         Microorganism                                       Incubation condition   Yield (gL^−1^)   Reference
  ------------------------------------------------ --------------------------------------------------- ---------------------- ---------------- ------------
  Glucose                                          *Escherichia coli* W3110                            pH 6.7 Glu conc.5.5%   33.8             [@bib0025]
  Glucose                                          *Actinobacillus succinogenes* ZT-130 (ATCC 55617)   pH 7.0 Glu conc.2%     24.2             [@bib0055]
  Glycerol                                         *Actinobacillus succinogenes* (ATCC 55618)          pH 6.4 Gly conc.3%     29.3             [@bib0135]
  Glycerol                                         *Escherichia coli* (ATCC 8739)                      pH 7.0 Gly conc. 5%    38               [@bib0155]
  Crude glycerol obtained from Sunn-hemp seed      *Escherichia coli* (ATCC 8739)                      pH 6.7 Gly conc. 10%   1.36             This study
  Purified glycerol obtained from Sunn-hemp seed   *Escherichia coli* (ATCC 8739)                      pH 6.7 Gly conc. 10%   23.31            This study
  Commercial glycerol                              *Escherichia coli* (ATCC 8739)                      pH 6.7 Gly conc. 10%   30.76            This study
